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HIGHLIGHTS 


•  Porous  Pd  nanoparticles  have  been  synthesized  by  a  simple  method. 

•  The  developed  method  is  efficient,  rapid  and  convenient. 

•  Hydroquinone  was  used  as  the  reductant  to  obtain  porous  Pd  nanoparticles. 

•  The  as-prepared  catalysts  exhibit  excellent  electrocatalytic  activity. 
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Porous  Pd  nanoparticles  are  successfully  prepared  by  a  rapid,  one-step,  and  efficient  route  with  high 
yield  in  aqueous  solution.  The  developed  method  is  very  simple,  just  by  mixing  sodium  tetra- 
chloropalladate,  polyvinylpyrrolidone  and  hydroquinone  and  heated  at  70  °C  for  15  min.  The  structure 
and  composition  are  analyzed  by  transmission  electron  microscope,  selected-area  electron  diffraction, 
inductively  coupled  plasma  optical  emission  spectrometer,  X-ray  diffraction,  energy  dispersive  X-ray 
spectrum  and  X-ray  photoelectron  spectroscopy.  Electrochemical  catalytic  measurement  results  prove 
that  the  as  synthesized  porous  Pd  nanoparticles  exhibit  superior  catalytic  activity  towards  ethanol  and 
formic  acid  electrooxidation. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Palladium  is  an  excellent  and  versatile  catalyst  in  various 
important  reactions,  for  example  a  large  number  of  carbon-carbon 
bond  forming  reactions  such  as  Suzuki,  Heck,  and  Stille  coupling 
[1—3].  It  can  also  be  served  as  electrode  materials  in  direct  fuel  cells 
and  attract  increasing  attention  recently  due  to  its  remarkable 
performance  [4,5].  Especially,  different  from  its  counterparts  Pt,  Pd 
catalyst  does  not  suffer  from  the  poison  of  Cl  species  such  as  COadS 
during  the  operation  of  direct  ethanol  fuel  cells  in  alkaline  media 
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[6],  and  also  own  a  lower  oxidation  overpotential  towards  formic 
acid  electrooxidation  [7  .  The  direct  result  is  Pd  catalyst  shows  an 
obvious  better  electrocatalytic  performance  than  Pt  during  ethanol 
and  formic  acid  electrooxidation  reaction.  However,  Pd  also  occurs 
at  very  low  levels  of  abundance  in  nature  [3,5,8].  Therefore,  further 
improvement  of  its  catalytic  activity  and  utilization  efficiency  by 
finely  tuning  the  size,  shape,  composition  are  of  highly  importance 
[9-11].  The  past  few  decades  have  witnessed  the  successful  syn¬ 
thesis  of  Pd  nanocrystals  in  a  rich  variety  of  shapes.  In  this  regard, 
Pd  nanocrystals  with  well  defined  structures,  such  as  nanospheres 
[12,13],  nanocubes  [1,14,15],  nanowires  [16],  nanotubes  [17]  and 
nanosheets  [18],  etc,  have  been  synthesized. 

Among  these  abundant  materials,  dendritic  materials  have  been 
received  much  attention  in  the  past  few  years.  Because  they  are 
porous,  their  branches  provide  many  high-index  facets  [19-21], 
and  thus  lead  to  the  high  performance  during  the  catalysis.  In  the 
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past  few  years,  pure  Pt  [22-24],  Au@Pt  core/shell  [25],  trimetallic 
Au@Pd@Pt  Core/Shell  [26,27],  Pt-on-Pd  19,28],  dendritic  nano¬ 
particles  (NPs)  have  been  prepared  chemically.  All  of  these  den¬ 
dritic  materials  presenting  outstanding  electrocatalytic  activity. 
Therefore  controlled  synthesis  of  Pd  nanostructure  with  porous 
shape  is  an  attractive  approach  to  achieve  high  catalytic  perfor¬ 
mance.  In  this  regard,  several  groups  reported  the  successful  syn¬ 
thesis  of  porous  or  dendritic  Pd  NPs.  Yan’s  group  [21]  developed  a 
seed  mediated  route  to  synthesize  porous  Pd  nanoparticles  (Pd 
PNPs),  but  the  two-stepped  process  is  slightly  complicated.  A  few 
groups  [29,30]  employed  hydrazine  hydrates  acting  as  the  reduc- 
tant  to  obtain  porous  palladium  nanospheres,  but  hydrazine  hy¬ 
drates  is  highly  toxic  which  should  try  to  avoid  the  usage.  Meng’s 
group  [31]  reported  a  ultrasonic  route  to  synthesize  porous  Pd 
nanospheres  for  formic  acid  electrooxidation.  However  the  process 
is  complicated  and  needs  finely  operating  skills.  The  two-stepped 
reaction  first  treated  I^PdCL*  and  ascorbic  acid  in  the  ice-water 
bath  for  5  min,  and  further  proceeded  7  min  in  ultrasonic  cleaner 
at  40  °C.  Moreover,  morphology  of  the  final  products  was  sensitive 
to  the  temperature  and  ultrasound  power.  Very  recently,  Yu  and  his 
co-workers  [32]  reported  a  method  to  prepare  Pd  PNPs  in  an 
organic  mixture  containing  oleic  acid  and  oleylamine.  But  the  ob¬ 
tained  Pd  PNPs  need  a  long  time  to  clean  the  adsorbed  organic 
molecules  on  the  surface.  Thus,  the  simple  and  rapid  synthesis  of  Pd 
PNPs  with  high  electrocatalytic  activity  is  still  highly  desired  and 
technologically  important. 

In  this  work,  we  propose  a  very  simple,  rapid,  one-step,  and 
efficient  route  to  synthesize  Pd  PNPs  with  high  yield  in  aqueous 
solution.  The  prepared  Pd  PNPs  exhibit  superior  electro-catalytic 
activity  for  ethanol  and  formic  acid  electrooxidation  reaction.  In  a 
typical  synthesis,  sodium  tetrachloropalladate,  polyvinylpyrroli 
done  (PVP)  and  hydroquinone  were  mixed  into  an  aqueous  solution 
and  heated  at  70  °C  for  only  15  min.  The  obtained  Pd  PNPs  were 
characterized  by  transmission  electron  microscopy  (TEM), 
selected-area  electron  diffraction  (SAED),  inductively  coupled 
plasma  optical  emission  spectrometer  (ICP-OES),  X-ray  diffraction 
(XRD),  energy  dispersive  X-ray  spectrum  (EDS)  and  X-ray  photo¬ 
electron  spectroscopy  (XPS).  The  catalytic  activity  and  stability  of 
the  prepared  catalysts  toward  ethanol  and  formic  acid  electro¬ 
oxidation  were  investigated  by  cyclic  voltammetry  and  chro- 
noamperometry  methods. 

2.  Experimental 

2.1.  Materials 

Polyvinylpyrrolidone  (PVP»I<30,  molecular  weight:  50000— 
58000)  and  hydroquinone  (HQ)  were  obtained  from  Beijing 
Chemical  Corp  (China).  Vulcan  XC-72  carbon  was  bought  from 
Shanghai  Ouman  Chemical  Corp  (Shanghai,  China).  Commercial  Pd/ 
C  (20%  on  activated  carbon  powder)  and  sodium  tetrachloro 
palladate  (II)  were  purchased  from  Alfa  Asear.  All  chemicals  used 
were  of  analytical  grade  and  used  without  further  purification. 
Milli-Q  ultrapure  water  (Millipore,  >18.2  MCI  cm)  was  used 
throughout  the  experiments. 

2.2.  Preparation  of  porous  Pd  nanoparticles 

70  |xL  Na2PdCl4  (0.06  mol  L-1)  together  with  20  mg  PVP  (K  30) 
were  mixed  into  15  mL  water  and  stirred  to  form  a  homogeneous 
solution.  After  that,  1  mL  HQ  (0.03  mol  L_1)  was  quickly  injected  to 
the  mixture  and  sequentially  heated  at  70  °C  for  15  min.  The 
products  were  collected  via  centrifugation  at  10000  rpm  for  15  min 
and  further  washed  several  times  by  water. 


2.3.  Preparation  of  carbon  supported  porous  Pd  nanoparticles 

1.5  mg  Vulcan  XC-72  carbon  were  mixed  with  the  prepared 
porous  Pd  nanoparticles  and  sonicated  for  15  min,  then  stirred  for 
10  h.  Finally,  the  products  were  collected  by  centrifugation. 

2.4.  Material  structure  and  composition  characterizations 

Transmission  electron  microscopy  (TEM),  high-resolution 
transmission  electron  microscopy  (HRTEM)  measurements,  SAED 
and  EDS  were  made  on  a  JEM-2100F  high-resolution  transmission 
electron  microscope  operating  at  200  kV.  The  composition  of  Pd 
PNPs  was  determined  by  inductively  coupled  plasma-mass  spec¬ 
troscopy  (ICP-MS,  X  Series  2,  Thermo  Scientific  USA).  XRD  pattern 
of  the  as  prepared  Pd  nanoparticles  was  recorded  on  a  D8  ADVANCE 
(BRUKER,  Germany)  diffractometer  using  Cu-Ka  radiation  with  a 
Ni  filter  (A  =  0.154059  nm  at  30  kV  and  15  mA).  XPS  measurement 
was  performed  on  an  ESCALAB-MKII  spectrometer  (VG  Co.,  United 
Kingdom)  with  Al  Ka  X-ray  radiation  as  the  X-ray  source  for 
excitation. 

2.5.  Electrochemical  catalytic  test  toward  ethanol/ formic  acid 
electrooxidation 

Electrochemical  experiments  were  performed  with  a  CHI  832B 
electrochemical  workstation  (Chenhua  Instruments  Corp, 
Shanghai,  China).  A  conventional  three-electrode  cell  was  used, 
including  an  Ag/AgCl  (saturated  KC1)  electrode  as  reference  elec¬ 
trode,  a  platinum  wire  as  counter  electrode  and  modified  glassy 
carbon  electrode  as  working  electrode  respectively.  Before  each 
experiment,  the  GCE  was  polished  carefully  with  1.0,  0.3,  and 
0.05  pm  alumina  powder  and  rinsed  with  deionized  water,  fol¬ 
lowed  by  sonication  in  ethanol  and  Milli-Q  ultrapure  water  suc¬ 
cessively.  Then,  the  electrode  was  dried  under  nitrogen.  For 
electrooxidation  test,  5  pL  of  commercial  Pd/C  or  carbon  supported 
porous  Pd  nanoparticles  catalysts  solution  (0.5  mg  mL-1  of  metal) 
was  dropped  on  the  surface  of  the  GC  electrode  and  dried  with  an 
infrared  lamp  carefully.  Then,  5  pL  of  Nation  (0.5%)  was  coated  on 
the  surface  of  the  above  material  modified  GCE  and  dried  before 
electrochemical  experiments. 

3.  Results  and  discussion 

3.1.  TEM,  SAED  and  ICP-OES  characterizations  of  the  Pd  PNPs 
catalysts 

The  morphology  and  structure  of  the  as-synthesized  samples 
were  characterized  by  transmission  electron  microscopy  (TEM). 
Fig.  la,  c,  d  shows  the  typical  TEM  images  of  the  prepared  Pd  PNPs 
with  different  magnification.  Fig.  1  a  and  b  obviously  show  that  the 
entire  resulting  samples  are  definitely  endowed  with  porous 
morphology,  indicating  the  high  yield  production  of  Pd  PNPs.  Fig.  lb 
presents  the  size  distribution  of  the  prepared  Pd  PNPs.  The  average 
size  of  the  particles  is  about  32.5  nm.  The  high-resolution  TEM 
(HRTEM)  image  shows  that  the  Pd  PNPs  are  in  the  polycrystalline 
state,  of  which  the  d  spacing  is  0.226  nm,  which  can  be  assigned  to 
the  (111 )  planes  of  Pd  (Fig.  le).  The  selected  area  electron  diffraction 
patterns  of  one  single  porous  Pd  nanoparticles  is  depicted  in  Fig.  If. 
There  are  four  bright  concentric  rings  that  attributed  to  (111 ),  (200), 
(220)  and  (311)  planes  of  Pd  respectively,  which  further  confirm 
that  the  Pd  PNPs  are  polycrystalline.  Fig.  2  A  shows  the  XRD  pattern 
of  Pd  PNPs.  Three  characteristic  diffraction  peaks  at  40.1°,  46.6°  and 
68.1°,  which  assigned  to  Pd  (111),  Pd  (200)  and  Pd  (220)  planes 
respectively  can  be  observed,  matching  the  standard  pattern  of 
pure  Pd  (JCPDS  No.65-2867)  well.  Fig.  2C  presents  the  EDS  of  the 
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Fig.  1.  (a,  c,  d)  Typical  TEM  images  of  the  prepared  porous  Pd  nanoparticles  with  different  magnification,  (b)  Size  distribution  of  the  prepared  Pd  nanoparticles,  (e)  High-resolution 
TEM  images,  (f)  Selected-area  electron  diffraction  of  a  single  prepared  porous  Pd  nanoparticles. 


prepared  Pd  PNPs,  the  peak  of  Pd  can  be  noted  obviously,  while  the 
peak  of  Cu  and  C  element  were  originated  from  the  carbon  coated 
copper  grid.  The  XPS  pattern  (Fig.  2B)  of  the  resulting  Pd  PNPs 
shows  significant  Pd  3d  signals  corresponding  to  the  binding  en¬ 
ergy  of  Pd,  which  also  indicates  that  the  obtained  nanostructures 
were  exclusively  composed  of  pure  palladium. 

It  is  well  known  that  HQ  has  a  weak  reducing  ability  with 
reduction  potential  (E°  =  -0.699  vs  NHE)  [33,34],  and  it  is 


commonly  used  to  selectively  reduce  silver  because  it  is  unable  to 
spontaneously  reduce  Ag+  ions  that  are  isolated  in  solution  (Ag+/ 
Ag°,  E°  =  -1.8  V)  but  can  reduce  Ag+  in  the  presence  of  Ag°  clusters 
or  nanoparticles  (E°  =  +0.799  V)  [35].  And  its  weak  reducing 
ability  has  also  been  applied  to  synthesize  highly  monodispersed, 
spherical  gold  nanoparticles  of  50-200  nm  [34].  However,  rare 
reports  appeared  about  the  use  of  HQ  to  synthesize  well-defined 
nanocrystals  of  Pd  or  Pt  in  aqueous  solution.  In  this  manuscript,  we 


Fig.  3.  TEM  images  of  the  intermediate  products  collected  at  different  reaction  times,  (A)  5,  (B)  7,  (C)  9,  (D)  11,  (E)  13  and  (F)  15  min,  respectively. 
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Fig.  4.  TEM  images  of  the  products  synthesized  from  different  concentration  of  Pd  precursor,  (A)  15  pL  0.06  mol  L  1  Na2PdCl4  (B)  350  pL  0.06  mol  L  1  Na2PdCl4. 


pioneered  to  use  HQ  as  the  reductant  to  obtain  Pd  PNPs.  In  order  to 
figure  out  the  possible  mechanism  of  the  formation  of  Pd  PNPs,  the 
intermediate  products  at  different  time  intervals  were  collected 
and  characterized  by  TEM  (Fig.  3).  The  results  demonstrate  that 
this  type  of  Pd  nanostructures  is  a  result  of  epitaxial  growth  of 
initially  formed  small  palladium  NPs  rather  than  an  aggregated 
growth  mode,  which  can  be  reasonably  attributed  to  the  slow  and 
continuous  nucleation  deriving  from  the  relatively  weak  reducing 
power  of  HQ  and  autocatalytic  growth  [24,36-39].  The  influence 
of  reaction  temperature  was  investigated.  As  the  temperature 
increased,  the  reaction  rate  increased  correspondingly,  and  thus 
led  to  the  decrease  of  the  monodispersity  of  the  final  products 
(data  not  shown).  The  concentration  of  Pd  precursors  had  a  slight 
influence  on  the  morphology  of  the  final  products  (Fig.  4),  the 
higher  precursor  concentration  resulted  in  larger  size  of  the  final 
products. 

To  evaluate  the  catalytic  activity  of  the  prepared  Pd  PNPs, 
Vulcan  XC-72  carbon  were  used  to  support  the  Pd  PNPs,  TEM  im¬ 
age  can  be  found  in  Fig.  5.  The  content  of  Pd  in  the  carbon  sup¬ 
ported  Pd  PNPs  was  determined  by  ICP-OES,  the  mass  fraction  of 
Pd  is  22%. 


Fig.  5.  Typical  TEM  images  of  Vulcan  XC-72  carbon  supported  porous  Pd  nanoparticles. 


3.2.  Electrochemical  measurements  of  carbon  supported  Pd  PNPs 
and  commercial  Pd/C  catalysts 

The  catalytic  activity  of  the  carbon  supported  porous  Pd  nano¬ 
particles  (VXC-Pd  PNPs)  towards  ethanol  and  formic  acid  electro¬ 
oxidation  were  carried  out  with  an  electrochemical  measurement 
system,  and  further  compared  with  a  commercial  Pd/C  catalyst. 
Specific  activity  was  used  to  evaluate  the  catalytic  activity  of  the 
prepared  catalyst.  Fig.  6  shows  the  cyclic  voltammetry  curve  of 
commercial  Pd/C  catalyst  and  VXC-Pd  PNPs  modified  glassy  carbon 
electrode  in  a  N2-saturated  0.5  mol  L  1  H2SO4  solution  at  the  scan 
rate  of  50  mV  s-1.  On  the  basis  of  the  assumption  that  the  charge 
density  for  the  formation  of  a  fully  covered  Pd(OH)2  monolayer  was 
430  pC  cm-2  [40],  the  electrochemically  active  surface  area  (ECSA) 
of  the  catalyst  can  be  estimated.  The  ECSA  of  VXC-Pd  PNPs  is 
43.8  m2  g_1,  lower  than  49.2  m2  g-1  of  commercial  Pd/C.  Current 
density  was  normalized  to  ECSA  estimated  from  the  reduction 
charge  of  the  Pd(OH)2.  Electrooxidation  towards  ethanol  was  car¬ 
ried  out  in  an  aqueous  solution  containing  0.5  mol  L-1  sodium 
hydroxide  and  1  mol  L  1  ethanol,  using  cyclic  voltammetry  (CV) 
measurement  technique,  sweeping  from  -0.8  V  to  0.4  V  at  a  scan 
rate  of  50  mV  s_1.  Fig.  7a  shows  the  specific  activity  of  the  two 
catalyst  towards  ethanol  electrooxidation.  The  forward  anodic  peak 


Fig.  6.  Cyclic  voltammetry  curve  of  commercial  Pd/C  catalyst  and  porous  Pd  supported 
on  Vulcan  XC-72  carbon  modified  glassy  carbon  electrode  in  a  N2-sparged  0.5  mol  L_1 
H2S04  solution  at  the  scan  rate  of  50  mV  s-1.  The  loading  metal  of  Pd  of  each  catalyst  is 
25.1  |ig  cm-2. 
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Fig.  7.  (a)  Specific  activity  towards  ethanol  electrooxidation  in  a  solution  containing  1  mol  IT1  ethanol  +  0.5  mol  L  1  sodium  hydroxide  at  a  scan  rate  of  50  mV  s-1,  the  inset 
histogram  is  the  mass  activity  towards  ethanol  electrooxidation  recorded  at  -0.14  V.  (b)  Current-time  curve  recorded  at  -0.2  V  in  a  solution  containing  1  mol  L  1 
ethanol  +  0.5  mol  L  1  sodium  hydroxide,  (c)  Specific  activity  towards  formic  acid  electrooxidation  in  a  solution  containing  0.5  mol  L-1  HCOOH  +  0.5  mol  L  1  H2S04  at  a  scan  rate  of 
50  mV  s~\  the  inset  histogram  is  the  mass  activity  towards  formic  acid  electrooxidation  recorded  at  0.2  V.  (d)  Current-time  curve  recorded  at  0.2  V  in  solution  containing 
0.5  mol  IT1  HCOOH  +  0.5  mol  L  1  H2S04. 


value  of  specific  activity  for  VXC-Pd  PNPs  catalyst  is  8.1  mA  cm-2, 
which  is  1.96  times  higher  than  4.15  mA  cm-2  of  commercial  Pd/C. 
The  results  is  also  better  than  PtPd  bimetallic  NPs  on  Nafion-gra- 
phene  [41  ]  The  inset  histogram  in  Fig.  7a  shows  the  mass  activity  of 
the  prepared  catalyst  and  commercial  Pd/C  towards  ethanol  elec¬ 
trooxidation  recorded  at  -0.14  V,  the  mass  activity  of  VXC-Pd  NPs  is 
about  1.8  times  higher  than  the  commercial  Pd/C.  The  result  further 
confirms  that  prepared  Pd  PNPs  possess  an  excellent  catalytic  ac¬ 
tivity  toward  ethanol  electrooxidation  in  alkaline  condition.  It  can 
also  be  noted  from  Fig.  7a  that  the  anodic  peak  ethanol  electro¬ 
oxidation  potential  of  VXC-Pd  NPs  in  the  forward  scan  is  at  -0.14  V, 
which  shifts  negatively  to  0.12  V  compared  to  the  commercial  Pd/C 
that  is  0.02  V.  The  decrease  in  the  onset  anodic  potential  indicates 
the  enhancement  in  the  kinetics  of  the  ethanol  oxidation  reaction. 
The  stability  of  VXC-Pd  PNPs  towards  ethanol  electrooxidation  was 
investigated  by  current-time  method  (Fig.  7b).  The  current  decay 
for  the  reaction  on  the  VXC-Pd  PNPs  is  slower  than  commercial  Pd/ 
C  electrocatalysts,  indicating  that  the  VXC-Pd  PNPs  possess  the 
superior  electrochemical  stability  for  ethanol  electrooxidation  in 
alkaline  media.  After  about  1500  s,  both  VXC-Pd  PNPs  and  com¬ 
mercial  Pd/C  show  a  sharp  decrease  current  value.  The  phenome¬ 
non  might  be  attributed  to  the  formation  of  the  oxide  layer  on  the 
surface  of  electrode  which  can  block  the  adsorption  of  the  reactive 
species  onto  the  Pd  surface  and  lead  to  a  decrease  in  the  electro- 
catalytic  activity  [42].  It  is  generally  believed  that  a  CFbCOads  in¬ 
termediate  is  formed  on  the  Pd  catalyst  in  the  alkaline  medium,  and 
its  reaction  with  OHadS  is  the  rate-determining  step  [42]. 

Similarly,  electrooxidation  towards  formic  acid  was  carried  out  in 
an  aqueous  solution  containing  0.5  mol  IT1  formic  acid  and 
0.5  mol  IT1  sulfuric  acid,  using  CV  technique,  sweeping  from  -0.2  V 
to  0.8  V  at  a  scan  rate  of  50  mV  s-1.  The  forward  anodic  peak  of  VXC- 
Pd  PNPs  is  0.0068  A  cm-2,  1.9  times  of  commercial  Pd/C  of 
0.0035  A  cm-2  as  illustrated  in  Fig.  7c,  indicating  that  the  as  prepared 
VXC-Pd  PNPs  possess  an  excellent  catalytic  activity.  The  result  is  also 


higher  than  0.006  A  cm-2  of  Pt/Pd  bimetallic  nanotubes  [43].  The 
mass  activity  of  VXC-Pd  PNPs  recorded  at  0.2  V  was  1.15  A  mg-1Pd,  1.5 
times  higher  than  commercial  Pd/C  of  0.74  A  mg_1pd  (inset  histo¬ 
gram  of  Fig.  7c).  Learned  from  Fig.  7c,  it  can  also  be  found  that  the 
peak  value  in  backward  scan  of  VXC-Pd  PNPs  is  0.00496  A  cm-2  and 
is  also  much  higher  than  commercial  Pd/C  of  0.0027  A  cm-2.  The 
stability  of  VXC-Pd  PNPs  towards  formic  acid  electrooxidation  was 
also  investigated  by  chronoamperometry  technique  at  0.2  V  and 
compared  with  commercial  Pd/C  electrocatalyst  as  illustrated  in 
Fig.  7d.  It  can  be  clearly  found  that  the  current  decay  for  formic  acid 
electrooxidation  reaction  on  the  VXC-Pd  PNPs  is  significantly  slower 
than  commercial  Pd/C  electrocatalyst.  VXC-Pd  PNPs  show  a  distinct 
higher  current  value  than  commercial  Pd/C  during  the  3000  s  test. 
The  results  demonstrated  that  the  as-prepared  VXC-Pd  PNPs  has  a 
good  tolerance  towards  formic  acid  electrooxidation.  All  the  results 
prove  that  VXC-Pd  PNPs  possess  excellent  catalytic  activity  towards 
formic  acid  electrooxidation. 

4.  Conclusions 

In  conclusion,  we  have  successfully  synthesized  porous  Pd 
nanoparticles  through  a  very  convenient  one-step  route,  just  by 
mixing  sodium  tetrachloropalladate,  polyvinylpyrrolidone  and  hy- 
droquinone  and  heated  at  70  °C  for  15  min.  The  developed  method 
is  very  simple,  rapid  and  efficient.  The  as  prepared  catalyst  shows 
excellent  catalytic  activity  towards  ethanol  and  formic  acid  elec¬ 
trooxidation,  which  is  better  than  the  commercial  Pd/C,  presenting 
wide  potential  application  for  direct  fuel  cells  in  the  future. 
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